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Enteropathogenic E. coli (EPEC)
Transfers Its Receptor for Intimate Adherence
into Mammalian Cells
associated with the assembly of highly organized cy-
toskeletal structures in epithelial cells immediately be-
neath the adherent bacteria that include thecytoskeletal
components actin, a-actinin, myosin light chain, ezrin,
and talin (Finlay et al., 1992; Manjarrez-Hernandez et al.,
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Recently, several of the bacterial components in-University of British Columbia
volved in pedestal formation have been identified (re-Vancouver, British Columbia
viewed in Donnenberg et al., 1997). EPEC possesses aCanada V6T 1Z3
virulence plasmid that encodes the bundle-forming pilus
(BFP) (Stone et al., 1996) and a positive virulence factor
regulator, Per (Gomez-Duarte and Kaper, 1995; Kenny
Summary and Finlay, 1995). All of the genes that encode products
that are necessary for pedestal formation are found
Enteropathogenic E. coli (EPEC) belongs to a group within a 35 kb pathogenicity island in the E. coli chromo-
of bacterial pathogens that induce epithelial cell actin some (McDaniel et al., 1995; McDaniel and Kaper, 1997).
rearrangements resulting in pedestal formation be- Within the LEE region are several genes whose products
neath adherent bacteria. This requires the secretion have different functions, including type III secretion ap-
of specific virulence proteins needed for signal trans- paratus proteins, secreted effector molecules and their
chaperones, and intimin.duction and intimate adherence. EPEC interaction in-
Type III secretion systems are being increasinglyduces tyrosine phosphorylation of a protein in the host
found in many pathogenic gram-negative organismsmembrane, Hp90, which is the receptor for the EPEC
(Mecsas and Strauss, 1996; Finlay and Cossart, 1997;outer membrane protein, intimin. Hp90±intimin inter-
Finlay and Falkow, 1997), and the role of the EPEC typeaction is essential for intimate attachment and pedes-
III secretion system is to secrete proteins necessary fortal formation. Here, we demonstrate that Hp90 is ac-
formation of the A/E lesion (Jarvis et al., 1995; Kennytually a bacterial protein (Tir). Thus, this bacterial
and Finlay, 1995). At least two proteins secreted by thepathogen inserts its own receptor into mammalian cell
EPEC secretion system, EspA and EspB, are necessarysurfaces, to which it then adheres to trigger additional
for activating EPEC-induced signals in epithelial cellshost signaling events and actin nucleation. It is also
(Foubister et al., 1994a; Kenny and Finlay, 1995; Kennytyrosine-phosphorylated upon transfer into the host
et al., 1996). These signals include calcium and inositolcell.
phosphate fluxes, and tyrosine phosphorylation of Hp90,
a 90 kDa protein associated with mammalian cell mem-
Introduction branes (Rosenshine et al., 1992; Foubister et al., 1994b).
Mutations in espA or espB, or those in the type III secre-
Enteropathogenic Escherichia coli (EPEC) is a member tion system (sep and cfm), are unable to signal or induce
of a group of pathogenic organisms that adhere to host binding of the EPEC adhesin intimin to epithelial cell
cells and cause localized accumulation of host actin surfaces (Rosenshine et al., 1996b).
beneath adherent organisms, collectively known as at- Intimin is the product of a bacterial chromosomal LEE
taching and effacing pathogens (Donnenberg and Kaper, locus, eaeA, and is a 94 kDa EPEC outer membrane
1992; Donnenberg et al., 1997). Pathogens in this group protein that is needed for intimate adherence (Jerse et
include enterohemorrhagic E. coli (EHEC, the causative al., 1990). Mutants defective in eaeA form immature A/E
agent of hemorrhagic colitis and hemolytic uremic syn- lesions and do not organize phosphotyrosine proteins
drome) and several other human and animal pathogens. and cytoskeletal components beneath adherent bacte-
EPEC continues to be a significant cause of infantile ria, although epithelial signal transduction is still acti-
diarrhea in developing nations, contributing to high mor- vated (Rosenshine et al., 1996b). Intimin participates in
bidity and mortality. EPEC forms small microcolonies reorganization of the underlying host cytoskeleton after
on the surface of infected epithelial cells, followed by other bacterial factors (EspA and EspB) stimulate epi-
intimate contact and localized degeneration of the epi- thelial signal transduction. Intimin binding to host cells
thelial brush border microvilli,cumulating inan attaching also stimulates a second wave of signal transduction
and effacing (A/E) lesion. The A/E lesion (or pedestal) is inside the mammalian cell, including tyrosine phosphor-
ylation of phospholipase Cg (Kenny and Finlay, 1997).
We have recently shown that in cultured cells, intimin
*Present Address: Department of Pathology and Microbiology, binds to the tyrosine-phosphorylated form of Hp90, but
School of Medical Sciences, University of Bristol, Bristol BS8-1TD, only if mammalian cells have been preinfected with
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of Hp90, other than that it is tyrosine-phosphorylatedGermany.
³To whom correspondence should be addressed. following EPEC infection and that it serves as a receptor
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for intimin. Phosphotyrosine proteins (presumably Hp90)
are concentrated at the tip of the pedestal immediately
beneath EPEC, but phosphotyrosine residues are not
surface-exposed in unpermeabilized cells (Rosenshine
et al., 1992). Biochemically, Hp90 behaves as an integral
host membrane protein and appears to be highly con-
served. It also appears to play a key role in organizing
polymerized actin under the adherent bacteria once it
binds intimin.
In this paper, we show that, surprisingly, Hp90 is not a
mammalian membrane protein, but instead is a bacterial
protein whose delivery to the host cell is facilitated by
the type III±secreted products EspA and EspB and then
functions as the intimin receptor.
Results
Antibodies to a 78 kDa EPEC-Secreted
Protein Cross-React with Hp90
During our attempts to purify Hp90, we found that a
polyclonal rabbit antiserum raised against EPEC recog-
nized a protein that comigrated precisely with enriched
Hp90 from mammalian cell membranes. This cross-
reactive band was not present when HeLa cells were
infected with mutants defective for type III secretion,
which also do not cause Hp90 tyrosine phosphorylation
(Rosenshine et al., 1992). We also found that following
infections that used radiolabeling conditions that specif-
ically label EPEC but not HeLa proteins (Kenny and Fin- Figure 1. Antibodies Generated against the EPEC 78 kDa Secreted
Protein Recognize Hp90lay, 1995), anti-phosphotyrosine (PY) antibodies immu-
(A) Membrane and insoluble fractions from uninfected or EPEC-noprecipitated a radiolabeled protein that comigrated
infected HeLa cells were loaded in duplicate and resolved bywith Hp90. In contrast, no radiolabeled Hp90 was precip-
SDS±6% PAGE. After blotting to nitrocellulose, the samples wereitated when HeLa cell proteins were labeled. These pre-
probed with anti-PY (PY) or anti-EPEC 78 kDa antibodies. Molecular
liminary findings led us to pursue the hypothesis that mass markers are in kDa. Ep85 is the 85 kDa tyrosine-phosphory-
Hp90 might be of bacterial origin. lated EPEC protein (Rosenshine et al., 1992). (2) indicates unin-
If Hp90 was of bacterial origin, it is likely that EPEC fected cells and (1) indicates EPEC-infected HeLa cells.
(B) The membrane fraction from uninfected or intimin mutant±should be able to secrete this protein. We have shown
infected J774 cells was isolated, aliquotted into two, and then immu-that EPEC secretes several proteins that are involved
noprecipitated with anti-PY or anti-EPEC 78 kDa antibodies. Thein activating host cell signals and other events needed
resulting immunoprecipitates and cleared supernatants were re-
for intimate binding (Kenny and Finlay, 1995). EPEC does solved by SDS±6% PAGE. After blotting to nitrocellulose, the sam-
not appear to secrete any visible protein of 90 kDa, ples were probed with anti-PY. (2) indicates uninfected cells and
the molecular mass of Hp90. We have optimized the (1) indicates CVD206-infected J774 cells.
(C) Two-dimensional gel electrophoresis of intimin mutant±infectedsecretion of EPEC proteins (Rosenshine et al., 1996a;
J774 cell membrane fractions probed with anti-PY or EPEC 78 kDaKenny et al., 1997) and found that, under special culture
antibodies. The membrane fraction from intimin mutant±infectedconditions, EPEC secretes two additional proteins of 72
J774 cells was prepared as described and resolved by isoelectric
and 78 kDa (our unpublished data), in addition to EspA focusing followed by SDS±8% PAGE, prior to transfer to nitrocellu-
(25 kDa), EspB (37 kDa), EspC (110 kDa), and two other lose for immunoblotting with anti-PY or anti-EPEC 78 kDa anti-
proteins of 39 and 40 kDa (Kenny and Finlay, 1995). We bodies.
found that the72 and 78kDa bands had thesame amino-
terminal sequence, PIGNLGNNVNGNHLIPPAPPLPSQT proteins and Triton X-100 to solubilize membrane pro-
DGAAR, which was unrelated to any known EPEC pro- teins, and these fractions were probed with both anti-PY
tein. Additionally, antibodies raised against the other (to detect Hp90) and anti-EPEC 78 kDa protein anti-
EPEC-secreted proteins did not recognize these pro- bodies. Both antibodies reacted with proteins that
teins. Higher levels of the secreted 72 and 78 kDa pro- behaved as Hp90 within the mammalian cell membrane
teins occurred when multiple copies of the Per positive fraction from infected but not uninfected cells (Figure
regulon and special growth conditions were used (see 1A). Both antibodiesalso reacted with a 90kDa protein in
Experimental Procedures). Thus, polyclonal mouse and the insoluble (bacteria and cytoskeleton) fraction, which
rat antibodies to the 78 kDa EPEC protein were gener- represents Hp90 bound to bacteria (Rosenshine et al.,
ated (see Experimental Procedures) to determine if these 1992). In addition, anti-PY antibodies recognized Ep85,
antibodies could recognize Hp90. an 85 kDa tyrosine-phosphorylated EPEC protein, in the
EPEC-infected HeLa cells were fractionated (Kenny insoluble fraction (Rosenshine et al., 1992). The anti-
EPEC 78 kDa antibodies, but not the anti-PY antibodies,and Finlay, 1997) using saponin to release cytoplasmic
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However, Tir in host cell membranes has a signifi-
cantly different predicted molecular mass than the pro-
tein secreted from bacteria (90 kDa versus 78 kDa on
SDS±PAGE). We hypothesized that the difference may
be due to tyrosine phosphorylation of the 78 kDa protein
in the host cell, which is not recognized by the PY anti-
bodies in its bacterial-secreted 78 kDa form (Figure 2).
To test this hypothesis, membrane extracts prepared
from the intimin mutant CVD206-infected HeLa cells
were treated with alkaline phosphatase, which should
remove all phosphate groups. An immunoblot was per-
formed with the treated sample, probing with anti-EPEC
78 kDa and anti-PY antibodies. As shown in Figure 2,
Figure 2. The Migrational Difference between Secreted EPEC 78
anti-PY antibodies recognized only the phosphorylatedand Membrane-Associated Hp90 (Tir) Is Due to Phosphorylation
(90 kDa) form of Tir in untreated membranes. In contrast,HeLa cells were infected with the intimin mutant, CVD206, to induce
the EPEC 78 antibodies recognize the 90 kDa Tir inHp90 phosphorylation. Membrane fractions used for phosphatase
untreated membranes and also a band of the same mo-treatment were isolated in the absence of phosphatase inhibitors
and incubated with 2 U of alkaline phosphatase for 4 hr at 378C. lecular mass as the secreted EPEC 78 kDa protein in
Alkaline phosphatase±treated (1) or untreated (2) samples as well the phosphatase-treated membrane fractions. A lower
as EPEC supernatant containing the secreted proteins were loaded molecular weight band was also detected that may be a
in duplicate and resolved by SDS±6% PAGE. After blotting to nitro- breakdown product due to extended digestion. Alkaline
cellulose, the samples were probed with anti-PY or anti-EPEC 78
phosphatase treatment of the EPEC 78 kDa secretedkDa antibodies. Molecular mass markers are in kDa.
protein did not affect its migration (data not shown).
These results indicate that the difference in molecular
masses between these two forms of Tir is due to analso reacted with the bacterial form of the78 kDa protein
alkaline phosphatase±sensitive modification, presum-in the insoluble bacteria-containing fraction.
ably tyrosine and possibly serine or threonine phosphor-
ylation.Hp90 Is the Tyrosine-Phosphorylated Form
of the 78 kDa EPEC-Secreted Protein
Anti-EPEC 78 kDa Antibodies ColocalizeWe next performed immunoprecipitation experiments.
with Hp90 in Mammalian CellsAs high levels of Hp90 are detected in J774 macro-
Since antibodies against both PY and EPEC 78 kDaphage-like cells, these cells were infected with the in-
proteins recognized the same protein, we examinedtimin mutant, CVD206, to maximize membrane levels of
whether they labeled infected HeLa cells similarly usingHp90, fractionated, and the Triton X-100 soluble mem-
immunofluorescence microscopy. We have previously
brane fraction was immunoprecipitated with either anti-
shown that tyrosine-phosphorylated proteins, presum-
PY or anti-EPEC 78 kDa antibodies. The immunoprecipi-
ably Hp90 (i.e., tyrosine-phosphorylated Tir), are appar-
tates and postimmunoprecipitate supernatants were
ent in distinct horseshoe-shaped structures at the tip
then resolved by SDS±PAGE, transferred to nitrocellu- of actin-rich pedestals beneath adherent bacteria. PY
lose, and probed with anti-PY antibodies (Figure 1B). antibodies only recognize this protein if infected HeLa
Using this procedure, Hp90 was cleared from the mem- cells are permeabilized, indicating that PY residues are
brane fraction of infected cells with both antibodies (su- not exposed on the cell surface (Rosenshine et al., 1992;
pernatant in Figure 1B), and a comigrating 90 kDa pro- Rosenshine et al., 1996b). When infected HeLa cells
tein was recognized in the immunoprecipitate with both were colabeled with antibodies against PY (Figure 3B)
antibodies. and the EPEC 78 kDa protein (Figure 3C), the labeling
Additional evidence that both antibodies were recog- pattern was completely superimposable (Figure 3D).
nizing the same protein was obtained by performing Anti-EPEC 78 kDa antibodies only stained areas of the
two-dimensional gel electrophoresis. Membranes con- HeLa cells immediately beneath the bacteria and did
taining Hp90 were isolated from CVD206-infected J774, not label free bacteria (see arrows in Figure 3C). When
and proteins separated by isoelectric focusing followed infected HeLa cells were labeled with both anti-EPEC
by SDS±PAGE. Duplicate samples were transferred to 78 kDa and FITC-phalloidin to stain actin (Figures 3E±
nitrocellulose and probed with either anti-PY or anti- 3H), we observed that anti-EPEC 78 kDa staining was
EPEC 78 kDa antibodies (Figure 1C). Probing with the localized to the tip of the actin pedestal, directly under-
anti-EPEC 78 kDa and anti-PY antibodies revealed that neath bacteria, rather than staining the entire actin ped-
Hp90 actually consisted of several related proteins of estal (Figure 3H). This pattern of staining is identical
similar molecular weight, but varying isoelectric points. to that observed by colabeling with anti-PY and FITC-
After the blots were stripped and reprobed with the phalloidin (Rosenshine et al., 1996b). These results also
other antibody, they showed the same pattern of spots, indicate that Tir is phosphorylated in the host cell.
indicating that Hp90 and the 78 kDa EPEC-secreted
proteins were in all likelihood the same protein. Based The Type III Secretion Apparatus and Its Secreted
on these results and the previous finding that tyrosine- Proteins, EspA and EspB, Facilitate Delivery
phosphorylated Hp90 is the intimin receptor (Rosen- of Tir into Host Cells
shine et al., 1996b), we renamed this protein Tir, for We next examined the role of the type III secretion appa-
ratus and its secreted proteins on Tir delivery into HeLatranslocated intimin receptor.
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Figure 4. Transfer of Tir to Host Cells Is Dependent on the Type III
Secretion Apparatus and the EPEC-Secreted Proteins EspA and
EspB
HeLa cells were infected with EPEC or strains containing mutations
in eaeA (intimin), espA, espB, tir, or cfm-14, and their Triton X-100
soluble (membrane) and insoluble (bacteria and cytoskeleton) frac-
tions isolated. Samples were resolved by SDS±6% PAGE and trans-
ferred to nitrocellulose prior to probing with anti-EPEC 78 kDa anti-
bodies. Tir-related proteins (90 and 78 kDa) are indicated by arrows.
Molecular mass markers are in kDa.
Figure 3. Anti-PY and EPEC 78 kDa Antibodies Label Identical
Structures in Infected Mammalian Cells Genetic Characterization and Mutation
of the Gene Encoding TirImmunofluorescent labeling of HeLa cells following 3 hr EPEC infec-
tion. Fixed and permeabilized cells were colabeled with either anti- We undertook a genetic analysis to characterize the
PY and anti-EPEC 78 kDa antibodies (A±D), or FITC-phalloidin and bacterial gene that encodes Tir. The amino-terminal se-
anti-EPEC 78 kDa (E±H). (D) and (H) are superimpositions of (B) and quence of the 78 kDa EPEC protein was used to design
(C), and (F) and (G), respectively. For (E)±(H), fields were selected
a synthetic oligonucleotide, using the LEE codon usageto show infected cells with most developed actin pedestals. Arrows
preferences, to identify the homologous DNA sequence.indicate nonadherent bacteria.
We first examined DNA fragments overlapping the LEE
region, since this region is capable of eliciting Tir tyro-
sine phosphorylation when cloned and expressed in
cells. We have previously shown that strains containing
nonpathogenic E. coli (McDaniel and Kaper, 1997). We
mutations in genes encoding the type III secretion appa-
found that the synthetic oligonucleotide hybridized to a
ratus (sep and cfm) or secreted proteins, EspA or EspB
single DNA fragment in the LEE region upstream of the
(espA or espB), do not produce a tyrosine-phosphory-
intimin gene eaeA, which was then cloned and se-
lated Tir in host cells (Rosenshine et al., 1992; Foubister
quenced (Figure 5A).
et al., 1994a; Kenny et al., 1996). However, it is possible
The tir gene (Genbank accession number AF013122)
that the non±tyrosine-phosphorylated form of Tir might is located upstream of eaeA, with a previously described
still be delivered to the host cell. Membrane extracts open reading frame, orfU (Jerse et al., 1990), between
from EPEC or mutant-infected HeLa cells were isolated eaeA and tir (Figure 5B). Partial open reading frames
and probed with anti-PY and anti-EPEC 78 kDa antibod- containing homologies to orfU and the C terminus of Tir
ies (Figure 4). As previously reported, the tyrosine-phos- are present in EPEC and the other attaching and effacing
phorylated 90 kDa form of Tir was only detected with pathogens EHEC, RDEC, and Citrobacter rodentium
anti-PY antibodies in the EPEC and CVD206-infected (formerly C. freundii biotype 4280) (Genbank accession
membranes (Kenny et al., 1996; Kenny and Finlay, 1997). numbers M58154, U32312, U60002, and L11691). The
The anti-EPEC 78 kDa antibodies recognized the same amino-terminal sequence of the purified protein matched
90 kDa band in EPEC and CVD206 membrane extracts, exactly the predicted protein sequence, except that the
but strains containing mutations in espA, espB, or amino-terminal methionine was not present in the se-
cfm-14 did not contain detectable levels of Tir in the creted EPEC protein. Proteins that are secreted by type
membrane (Figure 4) or cytoplasmic fractions (data not III secretion systems retain their amino-terminal methio-
shown). We also did not detect the 78 kDa form of Tir nine residues. Since Tir lacks this methionine, it indi-
in EPEC- or CVD206-infected cells, suggesting a rapid cates that it may not directly use the type III secretion
modification to 90 kDa. The bacterial form of the 78 system for its secretion, although its efficient transfer
kDa Tir protein was present in the insoluble fraction to host cells is dependent on EspA, EspB, and the type
containing adherent bacteria of all of these strains. Only III secretion pathway (Figure 4). Neither the tir gene nor
the EPEC-infected HeLa cell insoluble fraction con- its product, Tir, showed significant homology with any
tained the 90 kDa form of Tir that localizes to this fraction known genes or proteins using a BLAST homology
due to its interaction with intimin (Rosenshine et al., search. However, Tir contains two predictedmembrane-
1996b). These data indicate that EspA and EspB, which spanning sequences with six tyrosine residues in the
are both secreted by the type III system, are needed for C-terminal half of the protein that may serve as sub-
strates for phosphorylation (Figure 5A).efficient delivery of Tir to the host membrane fraction.
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Figure 6. T7 and HSV Epitope Tagging of Tir
(A) HeLa cells were infected for 3 hr with EPEC, Dtir, or Dtir express-
ing a cloned T7-Tir or Tir-HSV fusion protein. Infected cells were
fixed and labeled with either anti-PY, anti-T7, or anti-HSV antibodies
followed by appropriate goat anti-mouse FITC-conjugated antibod-
ies. Polymerized actin was stained with phalloidin±Texas Red.
(B) HeLa cells were infected with the CVD206 (1) or Dtir expressing
the T7-Tir fusion protein (2). The Triton soluble (membrane) fractions
Figure 5. Nucleotide Sequence and Predicted Protein of tir and Ge-
were then isolated and immunoprecipitated with anti-T7 antibodies.
netic Map
Membrane and T7 immunoprecipitates were loaded in triplicate and
In (A), two putative membrane-spanning domains are underlined, resolved by SDS±6% PAGE. After blotting to nitrocellulose, the sam-
and the six tyrosine residues are shaded. In (B), the location of tir ples were then probed with anti-PY, anti-T7, or anti-EPEC 78 kDa
in LEE and the gene deletion strategy are diagrammed. antibodies. Closed arrows indicate the migrational position of Tir
and shaded arrows that of T7-Tir.
To test the role of this protein in pedestal formation,
a chromosomal deletion in the tir gene was constructed
was observed with uninfected cells or those infected(Figure 5B; see Experimental Procedures). The resulting
with the tir mutant (data not shown), indicating that Tirmutant strain did not express the EPEC 78 kDa protein
epitopes are exposed on the surfaces of infected HeLaor transfer Tir to HeLa cells (Figure 4). In addition, this
cells.mutant did not cause significant accumulation of phos-
photyrosine proteins or actin beneath adherent bacteria
(Figure 6A), although some actin was clustered in the Epitope Tagging of Tir
To confirm that the 90 kDa tyrosine-phosphorylated pro-vicinity of adherent bacteria similar to that seen with
intimin mutants (Rosenshine et al., 1992). The deletion tein in epithelial membranes was the EPEC Tir protein,
we constructed two genetic fusions linking the se-mutation did not affect the secretion of the other EPEC-
secreted proteins or prevent the expression of intimin. quence encoding either the T7 or HSV epitopes to the
59 or 39 of tir, respectively. The resulting plasmids wereWhen unpermeabilized HeLa cells were stained with
anti-EPEC 78 kDa antibody, there was labeling of HeLa transformed into the EPEC tir allelic deletion strain and
used to infect HeLa cells. Fluorescence microscopy ofcell surfaces infected with the intimin mutant (which
doesn't sequester Tir beneath bacteria), but no staining infected cells revealed typical pedestal formation with
Cell
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Figure 7. Intimin Binds Tir from EPEC
(A) EPEC or tir growth supernatants were iso-
lated, 2-fold serial dilutions made, and each
doped with equal amounts of HeLa mem-
brane extracts. Samples were resolved by
12% SDS±PAGE and transferred to nitrocel-
lulose in duplicate prior to overlaying with 130
mg of His-T7Int fusion protein and probing
with T7-specific antibodies (left panel). Fol-
lowing this, the same blot was reacted with
anti-EPEC 78 antibodies (right panel). Dilu-
tions are indicated at top of gels with position
of molecular mass markers on the side.
(B) Coomassie-stained profile of secreted
proteins derived from 1 ml of EPEC or tir su-
pernatant used in binding assays (left panel).
Tir* is a breakdown product of Tir. The middle
panel demonstrates dose-dependent binding
of the His-T7Int fusion to Tir. EPEC or tir su-
pernatant (100 ml, in triplicate) was added to
ELISA wells and incubated with serial dilu-
tions of His-T7Int peptide. Binding of the His-
T7Int protein was detected spectrophoto-
metrically (A490) using T7-specific antibodies
as described in Experimental Procedures.
The right panel demonstrates that binding of
a constant amount of His-T7Int (75 ng/well)
to EPEC supernatants containing Tir is com-
petitively inhibited by increasing amounts of
MBP-Int, but not MBP. Results are shown 6
standard deviation.
colocalization of both T7 and HSV epitopes and actin membrane extract, resolved by SDS±PAGE, and trans-
ferred to nitrocellulose before adding the His-T7Int pep-in characteristic horseshoe patterns (Figure 6A). This
phenotypic complementation with the tir-HSV con- tide and detecting the bound fusion protein with anti-T7
antibodies. Figure 7A shows that the His-T7Int proteinstruct, which encodes tir but not the downstream orfU
gene, indicates that the phenotype of the tir deletion specifically bound toa single 78kDa band, subsequently
identified as Tir by probing the same blot with anti-mutation is not due to a polar effect on the orfU gene
product. EPEC 78 kDa antibodies. This binding occurred in a
concentration-dependant manner. The level of Tir pres-We also compared the membrane fractions of cells
infected with EPEC-expressing T7-tagged Tir to those ent in the supernatant, even at the highest concentration
used, was below detection with Coomassie blue. Theseinfected with the intimin mutant CVD206. T7-Tir was
detectable in HeLa cell membrane extracts using anti- data also showthat: (1) intimin does not bind to any HeLa
cell membrane molecule; (2) under these conditions,bodies against EPEC78 kDa, T7, and PY (Figure 6B). The
addition of the T7 tag increased the apparent molecular intimin can bind to unphosphorylated Tir; and (3) other
EPEC-secreted proteins are not needed to facilitate thismass of the Tir-phosphorylated protein compared to
that observed with CVD206. In contrast to T7-Tir, Tir itself binding.
We then developed an ELISA to examine the specific-did not cross-react with the T7 antibodies (Figure 6B).
To prove that T7-Tir was tyrosine-phosphorylated, we ity of intimin interactions with EPEC-secreted Tir (see
Experimental Procedures). ELISA wells were coatedused T7-specific antibodies to immunoprecipitate mem-
brane fractions of HeLa cells infected with CVD206 or with growth supernatant from EPEC or the isogenic tir
mutant. The presence of roughly equivalent levels of thethe T7-Tir strain. As expected, the T7 antibodies did not
immunoprecipitate the 90 kDa Tir protein, while they other EPEC-secreted proteins and the absence of Tir in
the tir supernatant was confirmed by Coomassie stain-precipitated the slightly larger T7-Tir fusion protein that
was recognized by antibodies against either PY, T7, or ing and conventional ELISA probing supernatant dilu-
tions with anti-EPEC 78 kDa or EspB antibodies (FigureEPEC 78 (Figure 6B).
7B, data not shown). Serial dilutions of purified His-T7Int
fusion protein was added to the coated ELISA plate andIntimin Binds to Tir from EPEC
To determine if intimin can bind directly to Tir secreted bound fusion protein detected using anti-T7 antibodies.
As shown in Figure 7B (middle panel), His-T7Int boundfrom EPEC, we performed gel overlay experiments using
EPEC supernatants grown under conditions that ex- only to the wells containing Tir in the growth superna-
tant. This binding was in a dose-dependent manner,press Tir. These supernatants were probed with purified
His-T7Int fusion protein, which contains the 280 C-termi- with near saturation binding occurring at 75 ng/well (25
nM). We also found that His-T7Int (75 ng/well) bindingnal residues of intimin (see Experimental Procedures).
Thus, EPEC growth culture supernatant was serially di- to immobilized EPEC supernatants was inhibited in a
dose-dependent manner by increasing concentrationsluted, doped with a constant amount of uninfected HeLa
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of maltose-binding protein (MBP)±intimin fusion pep- several lines of evidence that Tir is located in the plasma
membrane and functions as an integral epithelial mem-tide, but not by MBP alone (Figure 7B, right panel). 50%
inhibition of binding occurred with roughly equal molar brane protein. Intimin fusion protein only binds to fixed
epithelial cells that have been preinfected EPEC strainsamounts of both fusion proteins (25 nM). These results
again emphasize that intimin can bind unphosphory- that deliver Tir to the host cell (Rosenshine et al., 1996b),
suggesting that Tir is surface-exposed. Tir colocalizeslated Tir in a specific manner.
with the epithelial cell membrane extracts and cannot
be extracted with high salts from these extracts (Rosen-
Discussion shine et al., 1996b and our unpublished data). It is un-
likely that it is in another membrane, given its colocaliza-
Few mammalian receptors have been identified for bac- tion beneath adherent bacteria at the cell surface (Figure
terial adhesins and invasins (Finlay and Cossart, 1997; 3) and its ability to bind intimin. Tir is sensitive to limited
Finlay and Falkow, 1997). The discovery that Hp90, now surface proteolysis in unpermeabilized cells (Rosen-
designated Tir, is a bacterial protein was unexpected. shine et al., 1996b). Fluoresence microscopy data dem-
All of our previous biochemical data indicated that it was onstrated that anti-EPEC 78 kDa antibodies only bind to
a mammalian integral membrane protein (Rosenshine et unpermeabilized membranes of intimin mutant±infected
al., 1996b). However, our only means of detection was cells butnot tir infected or uninfected cells, also support-
anti-PY antibodies. We had previously assumed that in ing a plasma membrane surface-exposed location. Fi-
uninfected cells it was in the unphosphorylated form nally, phosphotyrosine antibodies only recognize Tir in
and thus undetectable. However, we knew that Tir was permeabilized cells (Rosenshine et al., 1992), indicating
found in all EPEC-infected mammalian cell types we a transepithelial membrane orientation with tyrosine-
examined, and it behaved as a conserved protein. Here, phosphorylated residues at the cytoplasmic face.
we present several lines of evidence to prove the bacte- The second function of Tir is to nucleate actin follow-
rial origin of Tir. First, polyclonal antibodies against the ing intimin binding (Rosenshine et al., 1992). Strains
EPEC-secreted Tir protein recognize and immunode- lacking intimin or Tir are unable to localize actin beneath
plete membranes of Tir. Second, isoelectric focusing adherent bacteria, although there is a pronounced accu-
and fluoresence microscopy experiments with both PY mulation of actin in the general vicinity of bound bacte-
and Tir antibodies demonstrate its identity. Third, the ria. Given that Tir is located at the tip of the pedestal
identification and deletion of the EPEC tir gene and within mammalian cells, and that if theTir±intimin linkage
generation of epitope-tagged Tir fusion proteins prove does not occur actin is not organized beneath bacteria,
that the bacterial Tir protein becomes tyrosine-phos- it is likely that Tir is involved in linking actin either directly
phorylated and behaves as Hp90. Finally, we demon- or indirectly to the host membrane, thereby forming the
strated that intimin interacts directly and specifically pedestal. The third function of Tir (which is probably
with the secreted Tir protein from EPEC. related to the actin organization) deals with transmitting
Tir delivery into host cells requires EspA, EspB, and additional signals to host cells once the Tir±intimin inter-
the type III secretion apparatus (Figure 4). Additional action occurs. We have found that intimin-mediated
host factors may also be needed for insertion. We have binding to epithelial cells triggers tyrosine phosphoryla-
previously shown that in strains lacking EspA and EspB, tion of phospholipase Cg and other host proteins (Kenny
a tyrosine-phosphorylated Tir is not detectable in HeLa and Finlay, 1997). These signals follow Tir phosphoryla-
cells (Foubister et al., 1994a; Kenny et al., 1996; Kenny tion and other early signal events and intimin binding.
and Finlay, 1997). Whether Tir delivery is sufficient to Few actin membrane±linking proteins have been identi-
activate the other signals seen in EPEC-infected cells fied, and Tir represents a novel candidate for such a
(such as calcium and inositol phosphate fluxes, myosin function, given its bacterial origin. However, two other
light chain phosphorylation, actin rearrangement), or bacterial molecules from pathogenic Listeria monocyto-
whether EspA and EspB mediate these signals via addi- genes and Shigella species, ActA and IcsA, are capable
tional mechanisms, remains to be resolved. At present, of nucleating actin through various cytoskeletal cross-
we have not been able to uncouple these various pro- linkers, albeit from a cytoplasmic location (Bernardini et
cesses. Upon contact with epithelial cells, EspB adopts al., 1989; Kocks et al., 1992). However, EPEC-induced
a protease-resistant form associated with epithelial cytoskeletal structures are more reminiscent of micro-
membranes (Kenny and Finlay, 1995), which may facili- villi, and thus EPEC affords a unique model to study the
tate Tir delivery into the host cell membrane. assembly of such structures. We are currently pursuing
Tir has at least three possible functions that have been the interactions of Tir with the host cell cytoskeleton.
identified. The first is to function as the EPEC intimate Frankel et al. have reported that the 280 C-terminal
receptor on mammalian cell surfaces, binding intimin residues of intimin bind to b1 integrins (Frankel et al.,
on the bacterial surface (Rosenshine et al., 1996b). This 1996). However, we have never observed intimin binding
binding, at least under the in vitro conditions described to b1 integrins. For example, we have only been able to
here, does not require tyrosine phosphorylation as the detect binding of MBP-Int (using the same intimin fusion
intimin fusion protein His-T7Int bound the bacterial- peptide as that used by Frankel) to epithelial cells that
secreted unphosphorylated form of Tir in a specific man- have been preinfected with EPEC, but not to uninfected
ner. Strains lacking EspA, EspB, or Tir are unable to cells or those infected with type III secretion or signaling
induce intimin-mediated binding that is needed for inti- mutants (Rosenshine et al., 1996b), cells that still ex-
mate adherence, presumably because they are unable press b1 integrins. When MBP-Int is used to precipitate
the 90 kDa form of Tir from epithelial membranes, b1to deliver Tir to the host cell surface. We have presented
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integrins are not coprecipitated, despite their presence pathogenesis. The intimate interactions that occur be-
in the epithelial membrane extract used for precipita- tween EPEC-secreted proteins and the host cell surface
tions (Rosenshine et al., 1996b). Additionally, using gel emphasize the complexity of host pathogen interac-
overlay systems, various intimin fusion proteins only tions, and provide valuable tools to exploit and study
bind to Tir but not to the larger molecular weight b1 cellular function and bacterial disease, in addition to
integrins (or any other epithelial membrane molecule) potential uses in therapeutics.
(Figure 7a and Rosenshine et al., 1996b). We have also
probed Tir extracted from epithelial membranes with
Experimental Procedurespolyclonal antibodies directed against b1 integrins and
have detected no cross-reactivity. b1 integrins are not Bacterial Strains and Plasmids
colocalized beneath adherent EPEC on epithelial cells EPEC strains E2348/69, CVD206, cfm 14-2-1(1),and UMD872 (espA),
(although Tir is), and EPEC adheres strongly to theapical UMD864 (espB) have been described elsewhere (Donnenberg et al.,
1990; Jerse et al., 1990; Rosenshine et al., 1992; Donnenberg et al.,surface of polarized epithelial cells that do not contain
1993; Foubister et al., 1994a; Foubister et al., 1994b; Kenny andknown b1 integrins. The reasons for these discrepancies
Finlay, 1995). The plasmid pCVD450 encoding the Per regulon (Go-remain unresolved, but our results strongly suggest that
mez-Duarte and Kaper, 1995) was maintained using tetracycline (25Tir is the main intimin receptor on cultured mammalian
mg/ml final concentration). Bacteria were grown overnight in LB
cells. broth at 378C without shaking prior to infection.
Although the Tir protein is predicted to encode a 56.8
kDa protein, we observed a molecular mass of z78
Mammalian Cell LineskDa for the secreted protein, which may reflect some
HeLa (CCL 2, ATCC) or J774 A.1 (TIB 67, ATCC) cells were culturedadditional bacterial modification or abnormal migration
in Dulbecco's Modified Eagle's Media containing 10% fetal calf
due to amino acid composition or structural features. serum.
Tir is predicted to have two transmembrane domains
(TM predict, ISREC, Switzerland) with the six tyrosine
Cloning and DNA Sequence Analysis of tir and Constructionresidues, potential kinase substrates, in the C-terminal
of the tir Deletion Strain
half. As predicted for EspA and EspB, Tir appears to be Based on N-terminal protein sequence data of Tir, we designed a
slightly acidic (predicted pI of 5.16), which was verified degenerate oligonucleotide and used this oligonucleotide in South-
by two-dimensional gel electrophoresis analysis. ern hybridization under stringent conditions to identify and then
EPEC is a member of a group of related pathogens clone a 3800 bp EcoRI fragment from the LEE region into the vector
Bluescript SK(1) pSK-tir. The resulting vector was digested withthat cause A/E lesions. Given the similarity of the various
Exonuclease III (Erase-a Base; Promega) to obtain a set of nestedintimins, EspA, EspB, and the type III secretion systems
deletions, which were used to determine the DNA sequence of tirfound in these pathogens (Donnenberg et al., 1997), it
using the Taq DyeDeoxy Terminator Cycle Sequencing Kit from
is likely that most of these pathogens follow a similar Applied Biosystems. Priming of DNA sequencing reactions utilized
strategy for mediating intimate adherence. Indeed, re- the M13 Forward Primer and the T3 Primer.
ported sequences upstream of orfU from EPEC, RDEC, To construct a tir deletion strain, we used the primers MS102 1
and Citrobacter strains have partial open reading frames (59-AAAGT CGACA AGAAC CCTGA GAACC AG-39) and MS103 2
(59-TTTGT CGACT TATGT TTGTG AAGGTA GTGG-39) to create a 59homologous to the C-terminal sequence of EPEC Tir.
deletion of 810 bp between bp 147 and bp 957 of the tir gene usingWe have recently cloned a homologous tir gene in EHEC
inverse PCR amplification of pSK-tir. The oligonucleotide MS103(our unpublished data). However, it has been reported
also introduced a SalI restriction site into the PCR product and a
that EHEC does not cause tyrosine phosphorylation of stop codon to terminate protein translation. The resulting 3000 bp
its receptor (Ismaili et al., 1995), indicating differences SalI/SacI tir deletion fragment was cloned into the positive-selection
between these two pathogens. We are currently ad- suicide vector pCVD442 (SalI/SacI) and used to construct the dele-
tion mutant by allelic exchange as described before (Stein et al.,dressing the role of Tir tyrosine phosphorylation in in-
1996).timin binding and pedestal formation.
Several pathogenic gram-negative bacteria use type
III secretion systems to cause various effects in their Construction of T7-tir and tir-HSV Fusions
host cells (Mecsas and Strauss, 1996; Finlay and Falkow, Briefly, the tir gene was amplified by PCRintroducing unique restric-
tion sites to enable in-frame fusions with the T7 or HSV sequences1997). EPEC uses a type III system to insert a bacterial
in the pET28a and pET27b set of vectors (Novagen). The tagged tirreceptor into its host cell. It is certainly possible that
gene, lacking the His tag, was then cloned into a pACYC184-basedother pathogens also use a similar strategy, especially
vector for expression.for those in which the mammalian receptor has not been
identifed. Tir also represents a bacterial protein that
Construction of Intimin Fusionsis tyrosine-phosphorylated in host cells. It is certainly
The MBP-Int genetic fusion was constructed, and MBP and MBP-possible that other virulence factors that are inserted
Intimin fusionspurified, as describedelsewhere (Frankel et al., 1994).into host cells by type III systems become modified
The same portion of intimin was cloned into pET28a to make a His-
inside the host cell. T7Int in-frame fusion and purified using a agarose-nickel column as
Using human volunteers, it has been shown that in- described by the supplier (Novagen).
timin is needed for full EPEC virulence (Donnenberg et
al., 1993), and several animal models have documented
Protein Secretionthe role of intimin in virulence. Additionally, we have
High levels of EPEC protein secretion were obtained by diluting LB-
used a natural rabbit EPEC infection model to demon- grown EPEC/CVD450 1:50 in M9 minimal media containing 44 mM
strate that EspA and EspB are critical for virulence (our NaHCO3, and growing for 7 hr. Supernatants were concentrated
unpublished data). These data indicate that these mole- by the addition of trichloroacetic acid (10% vol/vol) as previously
described (Kenny et al., 1997).cules and the functions they perform are critical for
EPEC Host Receptor Is a Bacterial Protein
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Antibody Production to the 78 kDa EPEC Protein fusion was detected with T7 antibodies and visualized spectropho-
tometrically at absorbance wavelength A490 as previously de-and Protein Sequencing
High levels of EPEC protein secretion were induced as above and scribed (Kenny et al., 1997).
supernatants concentrated by the addition of 40% ammonium sul-
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